INTRODUCTION
A study of the shape memor effect (SME) in Fe-Mn-Si alloys has been the subject of a number of works [I- 51 . It has been found that the good SME can occur in polycrystalline Fe-Mn-Si shape memory alloys ASMA) with 28-33 Mn and 4-6% Si C2-41. These SMA can contain some aditions of Cr,Ni,Co 14-51 too. In contrast to other SMA, such as Ni-Ti and Cu-Al-Ni, the 9-z martensitic transformation observed in Fe-Mn-Si alloys is not thermoelastic and the SME for these alloys results only from the reverse transformation of the stress-induced z-martensite. It has been shown 11-51 that the SMA in these alloys is defined by several factors due to Si additions to binary Fe-Mn alloys. However some im ortant features of the y-z martensitic transformation and the SME in g e-Mn-Si-based a110 s are not well clarified. Among this features we distinguished and s ' C udied the following problems: a) the effect of the ma netic state of austenite on the y-E martensitic transformation, b) 9 he influence of the composition on the volume change associated with the pr transformation, chan e in length and recovered stress of the pre-straining specimens upon {eating.
EXPERIMENTAL PROCEDURES
The alloys were melted in a vacuum induction furnace. The chemical comositions of alloys were in the ran e of 20 to 36% Mn, 0 to 6.5% Si, 0 eo 8% cr, o to Ni, 0.02 to 0.32 t!, o to 0.2% v, o to o to 0 . z N in weight percent. Ingots were annealed at 1273K, forged and rolled to sheets of 1-3 mm thickness. Specimens were solution treated at 1273K for 3.6 ks. and water quenched. Mechanical tests were carried out on a Instron type testing machine at various temperatures between 77K and 573K. The microstructure was investigated by light and electron microscop . An X-ray diffractometer was used to determine the volume change due 'Co the y-E transformation Vz-V / V = AV/V and the phase con-9 3 tents. The transformation temperatures, the Nee1 temperature (Tw) and
A .
the change in length of the pre-straining specimens upon heating were Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jp4:1995871 measured b a dilatometer. For measuring the degree of the shape recover$ $the I ME) , sheet specimens with a thickness of 1 mm were bent at at 9 K (the maximum strain of specimens was 5%) and heated up to 573K (above Af). The SME was determined by measuring the change in the bend angle of the deformed specimens before and after heating. , the ----Ms temperature does not drop sharply as was assumed earlier, but closes in a jump. The stabilization of austenite with CMn > c ' can be explained by the followin factorsC81. First, the Gibbs free ener y of austenite decreases, bu ? the stacking fault energy and strength of austenite increase due to the magnetic ordering. Second, there is an Invar effect in the antiferromagnetic austenite ( Fig.2a , including the fact that at T<TN the linear expansion of specimens c 2 anges more slowly with decreasing temperature than in the aramagnetic state as the result of which the volume effect (AVIV) o ! the yr martensitic transformation increases. It should be noted that for the pd martensitic transformation in Fe-based SMA ( Fe-Pt, Fe-Ni-Ti-Co, etc) the situation is contrary. As the volume change of the p-. A transformation has the another si n it ivei , a position of the ma netic ordering temperature (the Fur ie tempera ure) must be some above ?he M, temperature for decreasing of the AV/V. 3.3 Effect of the pre-straining temperature on the SME.
The results of measurements of the SME of the specimens of the Fe-30Mn -5.5Si and Fe-20Ni-8Cr-5Ni-5.5Si alloys after pre-straining at temperatures between 77K and 393K are presented in Fig.4 . The positions of the M, temperatures in this alloys are also shown. It can be seen that the c;rves have a maximum correlated with the position of Ms for both alloys. The results shown in Fig.4 can be ex lained that the plastic deformation of these alloys near Ms is affec ! ed exclusively on account of the format ion of a single-var iant of stress-induced s-martens ite 4 reversible type of deformation), that leads to the good SME. The EM investigation confirmed this supposition and showed also that when the pre-straining temperature is lower than M,, the decrease in the SME is determined by the formation of the many-variant s-martensite formed upon cooling. When the re-strainin temperature is much higher e 4 than M,, emartensite forms af er the plas ic deformation of austenite by slip and twinning (irreversible type of deformation) and the SMA decreases too. duced ps martensitic transformation at 293K and 77K. As shown in Tabl.1, effect of Ni and Cr contents on the mechanical pro erties is small, but V and C (or B additions can increase the strength of austenite and improve the SM 4 .
Influence of a110 ing elements and testing temper
3.5 Effect of temperature and Si content on the change in length and recovered stress of pre-strain specimens.
Specimens of the Fe-30Mn and Fe-30Mn-Si alloys were pre-strained (comby 3% at 293K. After that, several s ecimens were unloaded and pressedi hea ed in a dilatometer to 573K, and severay specimens were heated to 573K in the fixed (loaded) state in a testing machine. The effect of the Si content and temperature on the change in length of unloaded specimens and on the recovered stress of fixed specimens are shown on Fig.5 .and Fig.6 . The curves on these figures have some similarities. For the Fe-30Mn alloy the length change of the deformed specimen equal only its thermal expansion, but for the Fe-30Mn-Si alloys the length change of the deformed specimens equals their thermal expansion plus length chan e dug4to the reverse ps transformation (this chan e is smaller than 10 10 ) plus change due to the shape recover (t%e Y SME), which starts at As and increases with increasing Si con ent up to 6%Si. At more higher Si content the formation of silicides leads to the decrease in the SME. As shown in Fig.6 , the recovered stress does not arise in the Fe-30Mn alloy , but arises in the Fe-30Mn-Si alloys at As, increases with increasing Si content and some decreases upon cooling ( relaxation of stress). It should be noted that the effect of Mn content on the change in length, recovered stress, strength of austenite and volume effect of the ps transformation in the Fe-Mn-Si alloys is much smaller than the effect of Si content 131. As the shape recovery in Fe-Mn-Si alloys is accompanied with the a pearance of the recovered stress, it can be used for pipe couplings. ~g e muff of the Fe-30Mn-5.5Si alloy was machined from a hot-forging rod to have an inner diameter somewhat smaller than the diameter of the tubes to be joined, annealed at 1273K, quenched to 293K and mechanically expanded in the austenitic state by the piercer to an inner diameter somewhat larger than the diameter of the tubes. The expanded muff was put on the ends of tubes and then was heated to 525K (above A*). The coupling shrinked back to its original dimensions and a tight fit was established , as the stress-induced s-martensite formed during expanding, reverted to the austenitic state. For example, in our experiments carried out with the Fe-30Mn-5.5Si alloy, the initial diameter (D ) of the muff was 14,0mm , the diameter of the piercer (D ) was 14,6mm, the diameter of the muff after expanding (D*) was 14.45mm, and the diameter of the muff after heating in the free state (without pipe connection) was D2=14.1mm. We measured the total deformation E^ = D -D/D", elastic deformation E Q =D"-D 1 /D 1 , recovered deformation E = poo' e p 1 1' r Dj-Do/Dp and remained deformation ET^DO-DQ/DQ. For our experiment: E^= 4.23%, E r = 2.48%, E R = 0,71%, E e =1.04%. It is possible to change E t by means of changing D . As shown in Fig.7 , Ep and E increase with increasing E^ , but E is changed with the curve having the maximum. E r ,E R ,E e ,% Fig.7 .Effect of the pre-strain (total) deformation of muffs of Fe-30Mn -5.5Si alloy on the elastic, recovered and remained deformation.
This results can be explained by taking into consideration that the increase of E^ leads to increasing the irreversible part (slip, twinning) of the plastic deformation and to decreasing its reversible part (the stress induced y-s martensitic transformation) and as the result the SME decreases.
The pull-out strength of such connection at 300K equals 180MPa, and the temperature interval of the stability of this connection is 4-900K.
CONCLUSION.
This work emphasizes the importance of the kinetic of the >>-s martensitic transformation, strength of austenite, temperature of prestraining , volume effect of the y-s transformation on the SME in Fe-Mn-Si based alloys. The appearance of the recovered stress in Fe-Mn-Si alloys leads to the possibility to use their for pipe connection.
